. To focus our search on molecules that exert direct effects, the motoneurons were separated from other
and data not shown). The most active fractions from the final column retained both synapsin redistribution and top). We then prepared an extract from forebrains of one-week-old mice. The age was chosen because the branch-promoting activities ( Figure 1A , bottom) and contained a single main protein of ‫02ف‬ kDa ( Figure 1E ) rate of synaptogenesis is maximal during this period (Vaughn, 1989) . The tissue was extracted at high ionic along with minor proteins of 110 and 40 kDa (barely visible in the photograph). When neighboring fractions strength because many signaling molecules are electrostatically bound to membranes or matrix. Neurons culwere assayed, the concentration of the ‫02ف‬ kDa protein correlated best with synapsin redistribution activity, so tured in the presence of this extract (1:200 dilution of a 2 mg/ml extract) for 2 days differed from untreated it was subjected to in-gel tryptic digestion. Peptides were processed for mass spectrometry, resulting in controls in three ways: their neurites were longer and more branched and synapsin was distributed in a puncidentification of FGF22 as the major component of the sample. We used synapsin distribution as an assay to monitor FGF22 cDNA, prepared recombinant FGF22, and assessed its effects on cultured motoneurons. Treatment purification of active components from the extract. Frac- Figure 1E ; P), or purified recombinant FGF22 (1 nM; F22). Methods were as in Figure 1A . Graphs show number of synapsin-positive vesicle clusters per mm neurite (Agg/mm; C), length of primary neurites (mm; D), and number of branch points per primary neurite (E). Endogenous and recombinant FGF22 both induced vesicle clustering and neurite branching but had no effect on neurite length. The crude extract affected all three parameters, indicating that distinct outgrowth-promoting factors were removed during the purification procedure. Bars show mean Ϯ SEM for 500 neurons per condition. *: differs from control at p Ͻ 0.01 by Scheffe test. Figure 3A , effects of expected that the primary receptor for FGF22 would six FGFs are quantified in Figure 3B , and all data are be FGFR2b based on strong evidence that its closest summarized in Figure 3C . relatives, FGF7 and FGF10, act primarily through this The two closest relatives of FGF22, FGF7 and FGF10, alternatively spliced form of FGFR2 and bind poorly to behaved similarly to FGF22 by all criteria assessed: all the other main FGFR2 splice variant, FGFR2c (see Introthree promoted vesicle clustering and neurite branching duction). Thus, if granule cells use FGF22 to regulate but had no detectable effect on the length of neurites.
differentiation of the synapses they receive, one would None of the other nine FGFs tested exhibited this combipredict that neurons in pontine and vestibular nuclei of nation of activities. FGF4, -6, and -9 promoted vesicle the brainstem, which give rise to most mossy fibers, clustering and neurite elongation but had no detectable would express FGFR2b. effect on neurite branching. A third group, FGF17 and As a first test of this prediction, we used a probe that -18, affected neither vesicle clustering nor neurite elonrecognizes all FGFR2 isoforms. As reported previously gation but did enhance neurite branching.
( Attempts to determine whether pontine and vestibular tion of FGF7 and -10 because they exhibit presynaptic organizing activity in vitro and activate FGFR2b. Both neurons expressed FGFR2b were unsuccessful: a probe specific for the short (150 nt) sequence that distinwere expressed at very low levels by granule cells at P8 and were undetectable at P23; FGF7 was expressed guishes FGFR2b from FGFR2c detected this isoform in areas where total FGFR2 is abundant, but not in neurons, at high levels by Purkinje cells at both ages ( Figure 4A ). Thus, of the FGF7/10/22 subfamily, FGF22 is most likely which express low levels of FGFR2 RNA. Moreover, an antibody specific for FGFR2b was unsuitable for immuto affect synaptic development of mossy fibers. nohistochemistry. However, immunoblotting showed that FGFR2b protein was present in the pons and cere-FGF-Dependent Presynaptic Differentiation in Cocultures bellum ( Figure 4D ; multiple bands probably represent products generated by alternative splicing; Xu et al.,
Based on activities and expression patterns described above, we hypothesized that cerebellar granule cells use 1998). Cerebellar FGFR2b protein levels decreased between P8 and P23, consistent with the decline in pontine FGF22 to promote presynaptic differentiation of mossy fiber axons. To test this idea, we cultured pontine or and vestibular mRNA levels. We speculate that FGFR2b is generated by cells in the brainstem and transported vestibular explants on laminin-coated substrates with or without dissociated granule cells. Neurites extended to the cerebellum along mossy fibers.
In parallel to these studies, we examined the distribufrom the explants whether or not granule cells were Figure 5F ). Using this system, we tested whether FGF22 mediated effects of granule cells. First, we asked whether FGF22 could promote differentiation of mossy fibers in the absence of granule cells. FGF22 markedly stimulated formation of varicosities in neurites extending from pontine and vestibular neurons ( Figures 5A, 5C, and 5D ). FGF22 did not, however, detectably affect neurite outgrowth from either population (data not shown), nor did it significantly affect the overall levels of vesicle proteins in the neurons ( Figure 5E ). Thus, FGF22 appears to promote reorganization of components of the mossy fiber release apparatus into varicosities.
Next, we used the cultures to validate a method for blocking the activity of FGF22. We used a recombinant protein in which the extracellular domain of FGFR2b was rendered soluble by fusion to alkaline phosphatase (FGFR2bAP; Ornitz et al., 1992). As described above, this protein binds to, and should thereby neutralize, FGF7, -10, and -22. FGFR2bAP (100 nM) almost completely inhibited the ability of FGF22 to induce varicosities in vestibular neurites ( Figures 5B and 5D ). In contrast, a similar fusion protein generated from the FGFR2c isoform, which does not bind FGF7 or -10, had no effect on the ability of FGF22 to induce varicosities (FGFR2cAP; Figures 5B and 5D ). These results support the idea that FGF22 binds selectively to FGFR2b and provide a means for neutralizing FGF22.
We Figure 6A) . We then generated chimeric cocultures in which pontine or cerebella), the lamination of the cerebellum, the entry of axons into the cerebellar cortex, the placement and vestibular explants were obtained from the synaptophysin-YFP mice and the granule cells were taken from size of Purkinje cells, or the density of granule cells ( Figure 6B and data not shown) . However, animals inwild-type mice. Whereas YFP was diffusely distributed when explants were cultured alone, it was redistributed fused with FGFR2bAP had fewer synaptophysin-YFPpositive aggregates in the granule layer than uninjected into puncta in cocultures (Figure 5F ), and the puncta were usually apposed to processes of granule cells (Figanimals or animals Figures  5G, 5I, and 5J) . We also found that pontine and vestibular these experiments in wild-type mice, using antibodies to synaptophysin and synapsin to monitor presynaptic neurites were more extensively branched in cocultures with granule cells than in explants grown alone, and differentiation. FGFR2bAP inhibited aggregation of both endogenous proteins ( Figure 6F ). Western blotting rebranching was decreased in the presence of FGFR2bAP. These results suggest that FGF22 or a related molecule vealed no significant differences between control and FGFR2cAP-treated cerebella in levels of vesicle-associmediates the presynaptic organizing effect of granule cells on their inputs. PCR of genomic DNA confirmed excision, and levels of active zone protein, Bassoon ( Figure 7B ). Effects of FGFR2 inactivation, assessed by synapsin staining, FGFR2 protein were reduced by ‫%08ف‬ ( Figure 7H and data not shown). Animals appeared healthy for at least were similar to those of FGFR2bAP and included decreases in the number, size, and intensity of synapsinthree weeks.
ated (synapsin and synaptophysin) or active zone-associated proteins (Bassoon and RIM), suggesting that the To ask whether FGFR2bAP inhibited presynaptic differentiation by direct or indirect means, we performed a treatment affected the distribution rather than the overall amount of these proteins (data not shown). Moreover, series of control experiments. (1) We stained cocultures with anti-neurofilament antibody, which labels pontine it is unlikely that FGF signaling controls the level of synaptophysin-YFP because its expression is driven by and vestibular neurites more intensely than granule cell neurites. FGFR2bAP had no detectable effect on numan exogenous (thy-1) promoter that is highly active in numerous classes of projection neurons (Feng et al., ber or length of pontine or vestibular neurites (Supple
Postnatal inactivation of FGFR2, like postnatal neurich aggregates in the granule layer (Figures 7E-7G) . Effects measured at P22 were similar to those observed tralization of FGF22-like factors, had no detectable effects on granule cell migration, cerebellar lamination, at P14 ( Figures 7C and 7E-7G) . Thus, although we do not know whether FGFR2 inactivation inhibits or merely neurite ingrowth, or granule cell density ( Figure 7A) . However, presynaptic differentiation in the granule layer delays presynaptic differentiation, our results support the former possibility. was substantially inhibited, as shown by staining for the vesicle protein synapsin and synaptophysin and the Finally, because tamoxifen was administered systemi-cally in these experiments, FGFR2 was excised throughpect that FGF22 is the predominant organizing molecule in cerebellum because its RNA is expressed by granule out the body. We were therefore able to use these animals to ask whether presynaptic differentiation cells at much higher levels than FGF7 or -10. FGF7 and -10 may, however, play predominant roles at other synwas globally dependent on FGFR2-mediated signaling. FGFR2 excision had no detectable effect on vesicle agapses. Testing these roles will require inactivating the FGFs rather than their receptors. Targeted mutants of gregation in vestibular nuclei (Figure 7D ), supporting the idea that FGF/FGFR2 signaling mediates presynaptic the FGF7 and -10 genes have been generated ( [2003]). One, laminin ␤2, is largely confined to the neuromuscular synapse, but others are broadly distributed in brain. What is the relationship between these proteins The FGF7/10/22 Subfamily Although the evidence that FGF22 can promote presynand FGFs? One obvious possibility is that different organizers organize different synapses. However, two candiaptic differentiation is strong, there is a caveat to the evidence that it does so in vivo. FGF7 and -10, the two dates, neuroligin and WNT7a, were previously implicated in formation of the mossy fiber synapse ( For styryl FM dye imaging, cultures were loaded for 90 s with YFP pups were anesthetized by hypothermia on P3. Two micrograms fusion protein in 2 l PBS was injected at 0.6 mm rostal and 10 M FM1-43 in a modified Tyrode solution containing 107 mM NaCl, 47 mM KCl, 2 mM MgCl2, 10 mM glucose, 10 mM HEPES-0.8 mm lateral to bregma and 2 mm deep to the skull surface. The optimal location was determined in preliminary experiments by NaOH pH 7.4, and 2 mM CaCl2. After washing for 10 min, cultures were treated with 4 mM or 90 mM KCl Tyrode (KCl plus NaCl held Trypan Blue injections. After surgery, pups were revived on a heating pad then returned to their mother. The pups were sacrificed at P8 constant). Images were captured with a CCD camera (Photometrics) and analyzed with Metamorph imaging software (Universal Imaging).
for analysis.
